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The crystal structure of SbaSes, which consists of [001] oriented ribbons held together by weak van der Waals
forces, gives rise to unique absorber layer properties different from other more conventional photovoltaic ma-
terials, such as Si or CdTe. Charge carrier transport occurs preferentially along the ribbon direction, and grain
boundary recombination is minimal provided the ribbons are oriented parallel to the grain boundary plane. For
optimum performance the SboSes absorber layer must have a (001) orientation, although in practice (211) and
(221) growth textures are more common. The effect of this non-ideal orientation on anisotropic charge carrier
transport and grain boundary recombination has however not been quantified. Here we derive analytical ex-
pressions for charge transport along a 1D ribbon under different boundary conditions. The local device properties
for a given microstructural feature (e.g. grain boundary) can then be simulated by superposition of all individual
ribbon contributions. It is found that anisotropic charge transport has the largest impact on device properties,
even in the presence of electrically active grain boundaries (10”7 cm/s recombination velocity). For example, a
44° ribbon misorientation (i.e. (221) growth texture) resulted in a ~3% efficiency loss compared to the ideal
(001) orientation. This highlights the importance of ribbon misorientation for achieving the highest efficiency

Sb,Ses devices.

1. Introduction

SboSes is a promising material for thin-film solar cells due to its
abundance, non-toxicity, and ideal optical and electronic properties,
such as high absorption coefficient (10°cm ™) and bandgap (1.1eV) [1].
SbySes is highly anisotropic due to its ribbon-like structure, which
consists of Sb4Seg structural units linked by covalent bonds along the c-
axis, and weakly bound to its neighbouring ribbons by van der Waals
interactions along the ab-plane ([2]; here we adopt the Pbnm space
group classification). SboSes therefore has the potential to mitigate the
effect of dangling bonds at grain boundaries, so long as the grain
boundary plane is oriented parallel to the ribbons [3]. This is because for
such a grain boundary the ribbons remain intact, with only the weak van
der Waals bonding being disrupted. Therefore, at most only shallow
defect states will be introduced at the grain boundary. However, density
functional theory (DFT) studies have indicated that SbySes grain
boundary planes that are non-parallel to the ribbon direction can
potentially be passivated by undergoing structural relaxation [4], which
causes the deep defect states to be removed, thus reducing the Shockley-

* Corresponding authors.

Read-Hall recombination rate.

The hole mobilities along the a, b, and c-directions are reported to be
1.17, 0.69, and 2.59 cm? V! s7! respectively [5]. Carrier transport
along the ribbon c-direction is therefore the most efficient. This is also
supported by Boltzmann transport simulations, where the highest elec-
tron mobility (the parameter of interest for p-type SbaSes absorber
layers) was found to be along the ribbon direction with an extremely
large anisotropy ratio of 46 [6]. However, for electron transport along
the ab-plane to occur, electrons must be transferred between neigh-
bouring ribbons by hopping across the van der Waals gap. Due to the
lower mobilities associated with charge carrier transport along the a-
and b-directions, transport along either direction is undesirable. By
reducing the inter-ribbon hopping and promoting transport along the
high mobility c-direction, the efficiency of SbySe3 devices can be
improved. This requires the growth orientation of SboSes grains to be
carefully controlled. However, experimental data suggests that (001)
may not be the preferred growth orientation [7], and instead (211) and
(221) are the most commonly found grain textures [8,9], although
depending on the deposition method orientations such as (120) and
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Fig. 1. (a) Schematic of device architecture used in the simulations. (b) Single, symmetric grain boundary with misorientation angle 6. The long ribbon is under the
space charge region (SCR) to back contact (BC) transport scenario, while the short one is under the SCR to grain boundary (GB) transport scenario. The arrows depict
the incident current density contributing to recombination at their respective recombination surface. (¢) Asymmetric grain boundary, where the ribbon misorien-
tation angles are 0 and ¢, respectively. Due to the geometry, bundling may be required to match the end positions of the ribbons along the grain boundary (see text
for further details). The top right ribbon does not reach the SCR, and therefore does not contribute to the device current.

(020) can also occur [10]. The highest cell efficiency records for SboSes,
i.e. 9.2% [11] and 10.1% [12], both consist of (001) oriented ribbons,
indicating the importance of orientation for the device efficiency. By
comparison the record cell efficiencies for more established thin-film
photovoltaics, such as CdTe, Cu(In,Ga)Sz and hybrid perovskites are
all above 20% [13]. The lower values for Sb,Sez could be due to the
technology being in the relatively early stages of development, since the
spectroscopic limited maximum efficiency for the material is calculated
to be 28.2% [14].

Since current polycrystalline thin-films of SbySes are far from the
ideal growth condition, the exact role of misorientation on device effi-
ciency must be quantified. In particular, the misorientation will affect
the anisotropic charge transport, as well as any grain boundary recom-
bination. Thin-film solar cells have complex microstructures and
modelling the device properties can therefore be quite challenging. For
example, recent 3D device simulations using the Synopsys Sentaurus
TCAD finite element software [15] for CdTe and CupsZnSnSey4 thin-film
solar cells only included two and five grains respectively [16,17].
However, for SbySes a simplification can be made, which assumes the
carrier transport is predominantly along the ribbon direction, with inter-
ribbon hopping being negligible. This reduces carrier transport to a 1D
problem, which can be solved analytically. In this work, we derive the
analytical solutions for ribbon transport under the different scenarios
found in polycrystalline thin-film Sb,Ses. These equations can then be
used to simulate complex device microstructures in a computationally
efficient manner. Previous simulation work on SbySes has focussed on
optimising the device architecture, such as the introduction of a back
surface field [18], addition of hole transport layers [19-20], relative
merits of SbaSes vs. SbyS3 absorber layers [21] and pn-homojunction
SbySes absorber layers [22]. To our knowledge, this is the first investi-
gation into the role of anisotropic charge transport and grain boundaries
(symmetric and asymmetric) on SbaSes device efficiency. Our results
provide an insight into the dominant contributing factors currently
limiting the efficiency of SbySes thin-film solar cells.

2. Simulation method

The SbsySes thin-film device architecture is based on experiment
[14], and is illustrated schematically in Fig. 1a. It consists of fluorine
doped tin oxide (FTO; 500 nm layer thickness), n-layer TiO> (50 nm), p-
absorber layer SbySes (3000 nm) and gold back contact deposited on a
glass superstrate. In this work we perform 2D device simulations, which
may or may not include a grain boundary. As an example, Fig. 1b shows
a device with only a single symmetric grain boundary, where the ribbons
are mirror reflected across the grain boundary plane and have constant
misorientation angle § with respect to the film thickness direction. For

an asymmetric grain boundary however, the ribbon misorientation
either side of the grain boundary plane will be different (Fig. 1c). The
simulations assume columnar SbySes grains with a grain ‘diameter’ of
1000 nm, consistent with experiment [14].

The carrier transport along each ribbon is calculated separately,
assuming negligible inter-ribbon hopping, and the contributions from all
the ribbons within the simulation ‘volume’ summed to give a current
density (J)-voltage (V) curve. It should be emphasised that for a grain
boundary what is calculated is the local JV response. An actual device
will contain many SbySes grains, and therefore the measured JV curve is
a global average of individual grain boundaries of varying misorienta-
tion. Carrier transport along a given ribbon can be classified according
to the boundary conditions. Four charge transport scenarios are identi-
fied, namely space charge region (SCR) to back contact (BC), SCR to
grain boundary (GB), grain boundary to back contact, and grain
boundary to grain boundary (exclusively present at high misorientation
angles). However, only the ribbon transport from space charge region to
both the back contact and grain boundary will contribute to the device
current density (Fig. 1b). In the next section analytical equations for the
two important transport scenarios are presented.

2.1. Analytical equations

2.1.1. Continuity equation

Charge transport in a semiconductor is described by the continuity
equations [23,24]. Under steady-state conditions this reduces to Equa-
tion (1) for minority carrier electrons in a p-type semiconductor such as
szSe:;I

+G7@:0 )}

where D, and y,, are the electron diffusion coefficient and mobility, n is
the electron concentration which has equilibrium value ng, E is the
electric field, and 7 is the overall carrier lifetime, which includes radi-
ative and non-radiative recombination. The generation rate G for pho-
tons of energy hv is given by:

G(hv,x) = Ny, (hv)a(hv)efu(h”)" @

where Ny (hv) is the number of photons incident in the Sb,Ses layer after
correcting for absorption and reflection at the different layers and in-
terfaces in a solar cell device, a(hv) is the absorption coefficient and x is
the position along the film thickness direction. In the quasi-neutral re-
gion the electric field is negligible, and Equation (1) is reduced to what is
commonly known as the minority-carrier diffusion equation:



R.A. Lomas-Zapata et al.

d*(An) An
D, A - T = - G(hv7x) (3)

This differential equation is solved for the excess electron concen-
tration, An = n—ny, by calculating the complementary function and
particular integral [25]. The excess carrier concentration is:

Nl 2ae™

Anh,x:CeTZ+Ceﬁ—7
(hv,3) = €y "D (ee2 — 1)

4

where L, = /D, is the diffusion length. The coefficients C; and C, are
calculated using the boundary conditions corresponding to each trans-
port regime. Due to the nature of this study, it is more convenient to
express Equation (4) along the ribbon thickness direction (r), rather than
the film thickness direction (x). For a ribbon misorientation angle 6 this
gives:

2 ,—arcos(6)
Npthae

An(hv,r) = Cyeli + Cyeln —
(hv.r) = Ciel G D, (o?L2 — 1)

)

2.1.2. Boundary conditions
The boundary conditions for a ribbon extending from the space
charge region to back contact are given by the following equations:

An@q._Xi[e<”> ~1] (6a)
D,,%r(’) c0s(0) = —Suc[An(r)] (6b)

where Sgc is the recombination velocity at the back contact surface, n;
and N, are the intrinsic carrier and acceptor concentrations respec-
tively, g is the magnitude of the electron charge, V is the applied bias of
the device and kT is the thermal energy. A cos(d) term is present for
recombination at the back surface, since only the current density
component normal to the back contact must be considered (Fig. 1b).
Using these boundary conditions the coefficients C; and C, in Equation
(5) can be solved for a SCR-BC ribbon.

Next, consider ribbons that extend from the space charge region to a
grain boundary. The boundary condition at the space charge edge is
identical to Equation (6a). However, the boundary condition at the grain
boundary depends on the simulation case. For a symmetric grain
boundary we have:

dAn(r)

2D,
dr

sin(6) = —Sgz[An(r)] @)

The sin(#) factor arises since we only consider the current density
component normal to the grain boundary plane. Furthermore, due to
symmetry, ribbons on both side of the grain boundary contribute equal
current densities, which explains the factor of 2 in Equation (7); see also
Fig. 1b. The C; and C, coefficients for a SCR-GB ribbon in the symmetric
grain boundary case can therefore be solved using Equations (6a) and
.

Consider now an asymmetric grain boundary. Since only the ribbons
extending to the space charge region edge contribute to the current
density of the device, two sets of boundary conditions are obtained for
an asymmetric grain boundary, which are referred to as ‘paired’ and
‘unpaired’ boundary conditions. The ‘paired’ case consists of ribbons for
both grains extending from the space charge region edge to the grain
boundary plane, while for the ‘unpaired’ case this condition is only
satisfied for ribbons in one of the grains (Fig. 1c). For an asymmetric
grain boundary the C; and C; coefficients will be different for ribbons in
each grain, and therefore a total of four boundary conditions are
required.

For the ‘paired’ case the boundary condition at the space charge
region edge (Equation (6a)) is valid for both grains, and provides two of
the four boundary conditions. The third boundary condition at the grain
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boundary plane is similar to Equation (7), but with modifications due to
the reduced symmetry:

R,

dA dA y
Dngncgrws) sind + Ranin(rRHS) sin
r r

p = — S% [A}’l(ru-[s) + AVZ(VRHS)]
8

The subscripts ‘LHS’ and ‘RHS’ refer to the left and right hand sides of
the grain boundary. In general, two ribbons may not meet at exactly the
same grain boundary position (Fig. 1c), so that the microscopic current
density flux normal to the grain boundary plane may only be due to one
grain. This can be accounted for by ‘bundling’ the ribbons, i.e. we
consider a finite grain boundary segment, which consists of multiple
ribbons. The grain boundary segment must be sufficiently large to
smooth out any microscopic variations, while at the same time being
sufficiently small to accurately model carrier transport at the continuum
level. R; and R, in Equation (8) are then the relative number fraction of
ribbons on the left and right grains (misorientation angles 6 and ¢
respectively). They can be calculated by geometry and have values
within the range [0,1]. The grain with the largest misorientation angle
(and therefore the highest number of ribbons per bundle) has an R-value
equal to one, so that the R-value for the second grain is < 1. Defining R-
values in this manner ensures that equation (8) is consistent with
equation (7) for a symmetric grain boundary, since for § = ¢ we have
R; =R, = 1. The fourth boundary condition is given by:

A”(rLHS) = An(rRHS) )

Equation (9) is obtained by noting that continuity requires the excess
carrier concentration (Equation (5)) for the ribbons on the left hand side
(rzas) and right hand side (rrys) to be equal at the grain boundary plane.

For the ‘unpaired’ case, since only the ribbons from one of the grains
extend to the space charge region edge, a new boundary condition must
be included in order to solve the system of equations:

dAn(rpys)

RiD, dr

cosd = R,D, (10)

dAn(rgus)
————-¢0s
»

This boundary condition is due to the fact that the minority carrier
concentration is continuous across the grain boundary plane (Equation
(9)), and therefore the diffusion current density parallel to the boundary
plane must also be continuous. Equations 8-10 along with Equation (6a)
for the ribbon extending to the space charge edge are therefore the four
boundary conditions for the ‘unpaired’ case. It can be shown that the
current densities for an asymmetric grain boundary (‘paired’ and ‘un-
paired’ boundary conditions) reduce to the simpler form for a symmetric
grain boundary when 6 = ¢. Analytical solutions for all transport sce-
narios are given in the Supplementary Information.

2.1.3. Current density
The diffusion current density for electrons is given by [24]:

dAn(r)
dx

-]Diﬁ" = qD” (11)

The concentration gradient 9 is evaluated at the space charge edge.
Expressions for An(r) depend on the transport scenario and hence
boundary conditions. The diffusion current density consists of two
contributions, the dark current density, and the quasi-neutral current
density. The former is the current density due to the applied bias, while
the latter is the photo-generated current density due to carrier diffusion
within the quasi-neutral region. The dark and quasi-neutral current
densities flow in opposite directions to one another. Analytical expres-
sions for the diffusion, dark and quasi-neutral current densities in the
SCR-BC and SCR-GB transport scenarios are given in the Supplementary
Information.

The space charge region current density due to drift of electrons
photo-generated within the space charge region is given by:

Jscr = qNp [1 — e ] 12)
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Table 1

Material properties and simulation parameters. ‘CB’ and ‘VB’ denote conduction
and valence bands respectively. Where applicable, references for materials pa-
rameters are indicated.

Material properties Sb,Ses TiO,

Thickness (nm) 3000 [29] 50 [29]

Grain width (nm) 1000 [29] -

Bandgap (eV) 1.17 [5] 3.2 [30]
Electron affinity (eV) 4.04 [31] 4.20 [32]
Dielectric constant 18 [5] 10 [32]

CB effective density of states (cm™>) 2.2 x 10'® [33] 2.2 x 108 [34]

VB effective density of states (cm’B) 1.8 x 10" [31] 6.0 x 10'7 [35]
Electron mobility (cm? V''s™1) 16.9 [5] 20 [36]
Acceptor doping N, (cm™~3) 10'° [37] -

Donor doping Np (cm’3) - 10'7 [35]
Carrier lifetime (s) 10° —

Temperature (K) 300

where X, is the space charge region width. It is assumed that the electric
field is sufficiently strong to enable complete collection of all electrons
photo-generated within the space charge region. The total current
density for a given ribbon is the sum of Equations (11) and (12).

2.2. Simulation parameters and methodology

The incident light used is Air Mass 1.5 global tilt [26] normalised to 1
sun (1000 W/m?2). Absorption and reflection of the light as it passes
through the different layers of the device (Fig. 1a) is modelled using the
complex dielectric function for the given material ([27] for FTO, [28] for
TiO5 and experimental data for SboSes, kindly provided by Dr Jon Major,
University of Liverpool). Normal incidence of the light is assumed, and
multiple reflection at the layer interfaces is not taken into account. The
simulation runs for an applied bias voltage of —0.10 to 1.20 V, in steps of
0.01 V. The current density is calculated for each ribbon, at each bias
voltage and incident light wavelengths in the range 300 to 900 nm.
Further simulation parameters are listed in Table 1.

For a grain boundary simulation, the microstructure is non-uniform,
and the diffusion current density for each ribbon will be a function of the
ribbon end position along the grain boundary plane. The space charge
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region current density is however uniform for all ribbons. The total
diffusion current density can be calculated by summing the individual
current contributions from each ribbon and dividing by the cross-
sectional area (A) of the simulation supercell. In the SbySes crystal
structure each ribbon has an ‘area’ of ab/2 perpendicular to the c-axis,
where a and b are unit cell lattice parameters. The cross-sectional area
for an inclined ribbon, projected along the plane of the device, is
therefore ;2. The current flowing along a given ribbon is equal to the
current density multiplied by the (projected) ribbon cross-sectional area.
The cross-sectional area A is given by A = dw, where d is the full width
of the simulation supercell (i.e. twice the SbySes grain size) and w is the
supercell depth. Here it is assumed that the depth direction is parallel to
the a-axis of the SbySes unit cell, so that for a single ribbon w will be
equal to the a lattice parameter. The exact choice of w is not critical,
since the a and b lattice parameters for SboSes have similar values (i.e.
11.6and 11.8 A respectively [5]). The total current density is therefore:

ab
= — ; 1
J(V) / |:J30R(VJL)+2ACOSG znjjn,ﬂ_n(u 2) | cosbdz (13)

where the summation is over all ribbons n and the integration is over all
incident photon wavelengths A. The diffusion current density for each
individual ribbon, Jpys,(V, 1), is calculated using Equation (11) , while
Jscr(V, 4) is given by Equation (12). The current densities are a function
of bias, due to the fact that the space charge width also varies with
applied voltage V. The cosf term accounts for the current density
component collected by the device.

In order to reduce the computational time for grain boundary sim-
ulations, a bundling strategy, similar to that described for the asym-
metric grain boundary (section 2.1.2), was implemented. Instead of
solving each ribbon individually, they were grouped together and solved
using the average end position along the film thickness direction of the
bundle. The summation in Equation (13) is therefore over all bundles
within the grain, rather than ribbons. Furthermore, the current densities
must be multiplied by the number of ribbons within a given bundle.

Back Contact | [°7
T ] seasal £

[11TTT T % z®
[T 5 ‘.

[T 3 04 g

NN 64325 5
[T 645209 — .
////// / / / / / // 0w 2?4i503r?ent:t(i)on (Ev'd[:egr:eos) o ° 10 zglliso?‘\oent:t?on(szﬁigresgs) oo
NN (b) (©)

0 NN 180 121
[T _— 101
1111111111711
111111117171
F111 0T E g6
NN g’ £ a
[T s :

SCR 0 10 ZIOM' 30 tttt'q (sdo so) 70 80 o 10 20 30 40 (5do eo) 70 80
(@) (d (e)

Fig. 2. (a) Single grain with ribbons misoriented by angle . The red lines indicate grain boundaries running parallel to the ribbons. (b) Open circuit voltage (Voc),
(c) short circuit current density (Js¢), (d) fill factor and (e) device efficiency as a function of ribbon misorientation. The step-like appearance of V¢ is due to discrete
sampling of 6 (10° intervals); the line is a guide to the eye. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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3. Results and discussion
3.1. Effect of anisotropic charge transport (single grain)

In this simulation only the effect of ribbon misorientation () on the
device efficiency is considered. The simulation consists of a single grain
with c-axis tilted by an angle 6 with respect to the film thickness di-
rection, the ribbons extending from the pn-junction to the back contact.
The grain boundary surface runs parallel to the ribbon orientation
(Fig. 2a), and therefore has no effect on this grain. The device parame-
ters as a function of ribbon misorientation are shown in Fig. 2b to 2e (see
Supplementary Information for individual JV-curves).

The main factor determining the efficiency of the device is the short-
circuit current density (Js¢). Photo-current density contributions at zero
bias from space charge region (Jscr), quasi-neutral region (Jonr), as well
as the —1 V reverse bias dark current density (Jpg«) are shown in Fig. 3.
In this work the photo-current density is defined as being positive, while
the dark current density is negative. The main contributor to Js¢ is the
space-charge region current density (Fig. 3a), which decreases
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monotonically with misorientation angle, due to the cosf geometric
factor for tilted ribbons (Equation (13)). At larger misorientation angles
however, the contribution of the quasi-neutral region (Fig. 3b) becomes
significant as Jscg steadily decreases. Jong is nearly constant for
misorientation angles below ~ 30°, but decreases rapidly beyond that.
This is due to the competing effect of two factors. For a given absorber
layer thickness the length of a ribbon increases with misorientation
angle, so that the photo-generated carriers must diffuse along a longer
segment of the ribbon to reach the back contact. This reduces the back
contact recombination. However, the decrease in photo-current losses is
opposed by the cosf geometric factor, which becomes dominant for 6 >
30°. The absolute value of the dark current density (Fig. 3¢) has a similar
shape as Jscg, and can therefore be attributed to the cosf geometric
factor. The absorber layer thickness (3000 nm) is much larger than the
electron diffusion length (~209 nm), meaning that the change in ribbon
length with misorientation has very little influence on excess charge
carriers injected at the space charge edge during electrical biasing
(Equation (6a)). In other words, the long diode approximation is valid
for Jpgrk along the ribbon direction.
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Fig. 4. Comparison between passivated and non-passivated symmetric grain boundaries. (a) Open circuit voltage (Voc), (b) short circuit current density (Jsc), (c) fill
factor, (d) device efficiency as a function of ribbon misorientation (). Sgg is the grain boundary recombination velocity.
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bundle end position along the grain boundary plane, measured as vertical distance from the SCE. (d) Total quasi-neutral current density for all ribbon bundles as a

function of applied bias.

Although Jscr is dominant at zero bias and largely governs Jg, it
decreases dramatically close to the open circuit voltage (Voc) due to a
shrinking space charge width. Under these conditions, Jpqr and Jong are
important, and their combined effect can be observed as a slight
decrease in Vp¢ and fill factor. The general downward trend of the ef-
ficiency suggests that in order to maximise device performance the
ribbons must be oriented along the layer thickness direction (i.e. = 0°).
Most SbySes thin-films have a (211) or (221) growth texture [5], with
ribbon misorientation angles of 37° and 44° respectively. For our
simulation parameters a 44° ribbon misorientation results in a ~3 %
efficiency loss compared to the ideal 0° microstructure. This highlights
the importance of anisotropic charge transport on the overall device
efficiency.

3.2. Grain boundary recombination

Here the effects of grain boundary recombination and anisotropic
charge transport are analysed for two adjacent grains (Fig. 1b and 1c).
Two cases are simulated, namely a passivated and non-passivated grain
boundary. In the passivated grain boundary regime, the recombination
velocity is set to 10° cm/s, while for the non-passivated case the grain
boundary recombination velocity is 107 cm/s. The motivation for the
passivated grain boundary is the possibility of removing deep defect
states at the grain boundary plane through structural relaxation [4].
Results are first presented for a symmetric grain boundary, which is
more straightforward to interpret, before moving onto asymmetric grain
boundaries.

3.2.1. Symmetric grain boundary

A comparison between the passivated and non-passivated symmetric
grain boundary device parameters as a function of ribbon misorientation
(0) is shown in Fig. 4 (see Supplementary Information for individual J-V

curves). We again emphasise that these are local device parameters,
since the simulation supercell contained only one grain boundary.

Since the space charge region current density depends on the space
charge width (Equation (12)) and not the grain boundary, it remains
constant for both passivated and non-passivated grain boundaries, and is
the main contributor to Js¢ (Fig. 4b). However, the diffusion current
density terms (i.e. Jpgk and Jonr) are significantly impacted by grain
boundary recombination velocity, which in turn impacts Vo¢ and fill
factor. For > 30° all ribbons are under the space charge region to grain
boundary transport regime, resulting in large differences in V¢ between
the two grain boundaries (Fig. 4a). The trends in V¢ and fill factor can
be explained by examining the functional forms of Jpg and Jong, as
described below.

Jpark for the SCR-GB transport regime depends on two important
factors, the vertical distance of the ribbon end point from the space
charge region edge (X, ), as measured along the film thickness direc-
tion, and the recombination velocity at the grain boundary (Sgg). The
expression for Jpgy is:

2 & Scaln Xan . Xan
qDyn; [e” 1] 3o COSh{ 7cop ) + sinh {7505

L,N, Saaln_ o; Xan Xan
" ZD,,sinHSInh Lycosf +C05h Lycosf

14)

Jpark =

At high recombination velocity (107 e¢m/s) and depending on the

SgpLn
2Dpsing

misorientation angle 6, the ( ) term is greater than one, leading to

the curly bracket expression approximating to a hyperbolic cotangent
coth (%), while at low recombination velocity (10° em/s) this term is

less than one, and therefore the curly bracket changes to that of a hy-

Xan
Lpcosf

perbolic tangent tanh( ) Both the hyperbolic cotangent and hyper-

bolic tangent converge to the same value if the argument (L"X;‘O'ig) is
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Fig. 6. (a) Jsc and (b) Jonr (zero bias) for ribbon bundles as a function of end position along the grain boundary plane. The end position is measured as the vertical
distance from the space charge edge (SCE). The ribbon misorientation 0 is held fixed at 20°, while ¢ is varied between 20° — 70° in step sizes of 10°. Solid and dashed
lines represent the passivated and non-passivated grain boundaries (10° and 107 cm/s recombination velocity) respectively.

greater than one. This effect can be clearly seen when comparing the
dark current density for an individual ribbon bundle as a function of end
position along the grain boundary plane (Fig. 5a). The total dark current
density for all ribbons is shown in Fig. 5b.

The physical interpretation of this behaviour is as follows. The
convergence of hyperbolic cotangent and tangent functions occur when
the end point of an individual ribbon (X, ,) is greater than the diffusion
length component along the film thickness direction (L,cos#). In this
scenario the dark current density is that of a long diode, and therefore
independent of the grain boundary recombination velocity. For ribbon
end points close to the space charge region edge, the dark current

N P . . . s Seal,
density is increased at high recombination velocities <2D,[.sir'1l(9 > 1), and

reduced for low recombination velocities (Z%Gﬁslfﬁo < 1). Jpark has a
n

component in the direction of the grain boundary, which means a higher
dark current density is required to replenish the carriers lost to recom-
bination in an electrically more active grain boundary. At high misori-
entation angles most ribbons terminate closer to the space charge region
edge, and therefore the discrepancy between the passivated and non-
passivated cases increases.

Similar considerations apply for the quasi-neutral region current
density Jonr, which contains equivalent terms in its analytical solution:

J quthaeiaX" F _F efaXa)
ONR — 2.2 nl — L2
(L2a* —1)
ScaLn Xq i Xa
F I 0 2D,,sinf cosh (L,,cosé)) + sinh (L,,cos€>
wl = aL,cosf —
Scpln_ o3 Xa Xa
2D, sinf Sl]’lh (L,,0059> + COSh (L,,cosH)
SgaL,
aL,cosd — =¢E
2D, sin¢
FnZ = ) Sin (15)

SaLn o3 Xy . Xa
2D, sinf bll’lh <L,zcos()) + COSh (L,,cosll)

Jonr for an individual ribbon bundle as a function of end position
along the grain boundary plane is shown in Fig. 5c. A clear difference
between passivated and non-passivated grain boundary regimes is
observed for ribbons terminating close to the space charge region edge,
with ribbons under the passivated regime contributing up to 30% more
current than those under the non-passivated regime. Fig. 5d shows the
total Jong for all ribbons. As can be seen from Fig. 5b and 5d, close to Voc
the magnitude of Jpg« increases more rapidly compared to Jong.
Furthermore, the onset of rapid increase in Jp,x (absolute value) occurs
at a smaller bias for larger Sgp (Fig. 5¢). This explains the lower Voc and
fill factor for the non-passivated grain boundary, compared to passiv-
ated grain boundaries (Fig. 4a and 4c). Despite the changes in V¢ and
fill factor, the short circuit current density has the largest effect on
overall efficiency, which is clear from the similar shape of the Js¢

(Fig. 4b) and efficiency (Fig. 4d) graphs. In particular, the misorienta-
tion dependence is dominated by the cos geometric factor, indicating
that anisotropic charge transport is more important than grain boundary
recombination.

3.2.2. Asymmetric grain boundary

In a real device the absorber layer consists of grain boundaries with
variable character, of which the symmetric grain boundary discussed in
the previous section is a special case. It is therefore useful to analyse how
deviations from a symmetric grain boundary would affect the local de-
vice properties. For this simulation the ribbon misorientation angles (6,
@) across an asymmetric grain boundary were varied independently
between 20° and 70°, for low and high grain boundary recombination
velocities (i.e. 10° and 107 cm/s respectively), in order to analyse local
device behaviour in more complex systems.

For asymmetric grain boundaries, depending on the misorientation
angles, there can be up to three different transport regimes, namely
space charge region to back contact, ‘paired’ and ‘unpaired’ space
charge region to grain boundary ribbons. For most misorientation an-
gles, one of the grains will have both ‘paired’ and ‘unpaired’ transport
regimes, while the remaining grain will have only ‘paired’ transport. The
grain with the smaller misorientation angle will have the ‘unpaired’
ribbons (see Fig. 1c). The effect this ribbon ‘unpairing’ has on the
photocurrent density will now be described.

Fig. 6a is the short circuit current density for individual ribbon
bundles as a function of end position along the grain boundary plane.
One of the ribbon misorientation angles (0) is kept fixed at 20°, while the
other (¢) is varied between 20° — 70°. Results for both passivated and
non-passivated grain boundaries are presented. As with other simula-
tions, Jsc is dominated by Jscg, although ribbons terminating between
100 and 600 nm from the space charge edge have higher Js: for the
passivated grain boundary. This difference between grain boundaries is
due to the quasi-neutral current density, which is shown in Fig. 6b at
zero applied bias for individual ribbon bundles as a function of end
position. Jong is independent of grain boundary recombination velocity
for ribbon end points larger than ~ 600 nm from the space charge edge.
This is due to the long diode behaviour discussed previously with
Fig. 5a. The transition from ‘paired’ to ‘unpaired’ transport regimes is
seen as a small spike in Fig. 6b, especially at large misorientation angles
(>60°). It is clear that ribbon ‘unpairing’ is a relatively minor effect for
our simulation geometry (i.e. grain size and absorber layer thickness),
that is only observed when one of the ribbon misorientations is larger
than 60°, and even then the net effect on Jgs¢ is negligible.

The local device parameters for passivated and non-passivated
asymmetric grain boundaries are shown in Fig. 7 (see Supplementary
Information for representative J-V curves). In these two-dimensional
plots Voc, Jsc, fill factor and efficiency are mapped as a function of
ribbon misorientation angles ¢ and ¢. The diagonal (i.e. 8 = ¢)
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Fig. 7. Local device parameters for passivated (10° cm/s; left column) and non-passivated (107 cm/s; right column) asymmetric grain boundaries, plotted as a
function of the ribbon misorientation angles 6 and ¢ (expressed in degrees). Open circuit voltage (Voc), short circuit current density (Jsc), fill factor and efficiency for
the passivated grain boundary are shown in (a), (c), (e) and (g) respectively. The corresponding figures for the non-passivated grain boundary are (b), (d), (f) and (h).

corresponds to a symmetric grain boundary. The device properties have
mirror symmetry across the diagonal, and therefore only one half of the
figure is displayed for visual clarity. Similar to the symmetric grain
boundary case, there is generally an increase in V¢ for the passivated
grain boundary as either 6 or ¢, or both, is increased, while the opposite
is true for the non-passivated grain boundary (Fig. 7a and 7b). Despite
the clear difference in Jong for the passivated and non-passivated grain
boundaries (Fig. 6b), the Js¢ is dominated by Jscr, which has a cosé (or
cosg) geometric dependence. The Js¢ plots are therefore very similar for
the two grain boundaries (Fig. 7c and 7d). The fill factor for the non-
passivated grain boundary is slightly higher than the passivated grain

boundary (Fig. 7e and 7f), due to the increased Jpgk contribution,
particularly close to V,, (see discussion in section 3.2.1). Finally, due to
the overwhelming importance of Jscg, the efficiencies for the two grain
boundaries are almost equal. Therefore, the general trends observed for
the symmetric grain boundary hold true for asymmetric grain bound-
aries as well.

4. Conclusions

Simulations indicate that, due to a relatively small diffusion length
(~209 nm) for a typical carrier lifetime of 1 ns, only the charge carriers
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generated within and close to the space charge region are collected,
regardless of ribbon misorientation. Consequently, the misorientation of
ribbons away from the ideal [001] direction has a bigger impact on the
device efficiency than recombination at either the back contact or any
grain boundary. For example, a 44° ribbon misorientation, corre-
sponding to a (221) thin-film growth texture, results in 3.2% efficiency
loss compared to the ideal ribbon orientation. On the other hand,
passivating the back contact recombination velocity to 10% cm/s for the
same ribbon misorientation had no effect on the efficiency within the
accuracy of the simulation, while the introduction of a 44° symmetric
grain boundary (107 cm/s recombination velocity) in the absorber layer
with non-passivated back contact decreased the efficiency by only 0.2%.
As discussed in Section 3.1 the largest changes in device efficiency with
ribbon misorientation angle is due to the short circuit current density,
which is dominated by the space charge region contribution (Jscr).

Although at misorientation angles larger than ~20° the ribbons are
close enough to the space charge region edge for the dark and quasi-
neutral current density to considerably influence device parameters
such as Voc and fill factor (e.g. Fig. 4a,4c), the rapid decrease in total
current density with misorientation makes grain textures such as (211)
and (221) undesirable for high efficiency devices. A misorientation of
44° for a (221) texture decreases the local efficiency by 3.2% and 3.4%
for a passivated and non-passivated symmetric grain boundary respec-
tively, compared to the maximum efficiency of 11.6% for a perfectly
oriented SbySes device with no grain boundaries. A similar effect can be
seen between the certified efficiency holder of 10.1% [12] consisting of
ribbons mainly oriented along the [001] direction, and one of the
previous record holders with an efficiency of 7.6% with ribbons having a
preferred growth orientation along the (221) plane normal.
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